Introduction
In the past few years, the interest in studying cooperative communication has increased, because of its great advantages, such as extending capacity, providing reliable enhanced transmission, improving the communication speed, and extending the battery life time. Moreover, cooperative communication can improve the system performance by providing spatial diversity that can efficiently combat the fading problem through the assistance of relays. One-Way Relay (OWR) and Two-Way Relay (TWR) are the main transmission types used in cooperative communication. In half-duplex OWR, an extra orthogonal channel for relay transmission is needed, which causes a spectral loss. This spectral loss can be reduced by applying half-duplex TWR or full-duplex OWR. On the other hand, in full-duplex systems, an elimination of the interference between the receiving and transmitting information is required, which increases the complexity of the system. Various transmission protocols have been studied, such as Amplify-and-Forward (AF), Decode-and-Forward (DF), and Compress-and-Forward (CF), and AF is the preferred protocol when low complexity is desired at the relays [1] . In this paper, we focus on AF half-duplex OWR and TWR for low-complexity.
There have been several studies on OWR and TWR with AF protocol for Orthogonal Frequency Division Multiplexing (OFDM), which can be found in Refs. [2, 3] . In these studies, OWR and TWR low-complexity distributed relaying schemes have been proposed with OFDM without applying Discrete Fourier Transform (DFT) and Inverse Discrete Fourier Transform (IDFT) at the relay, while AF and scaling and Space Time Block Coding (STBC) are used at the relay for power scaling and transmit diversity, respectively. On the other hand, the performance gain in these schemes is limited by the disability of applying reception combining techniques at the relays, as the relays' antennas are at separate locations. This limitation can be overcome by using multiple-antenna relays and exploiting the Channel State Information (CSI) as in Refs. [4, 5] . CSI, DFT and IDFT functions should be applied at the relay, where the use of OFDM with techniques proposed in the previous schemes will further increase the complexity of the system [6, 7] . The OFDM systems experience a high Peak-to-Average Power Ratio (PAPR) as a result of using high numbers of sub-carriers to support the transmission of high data rates. The performance of the system degrades due to the interference caused by these high peaks, which can be reduced by applying PAPR reduction techniques. In Ref. [8] , various reduction techniques can be found.
Most communication systems are affected not only by the Additive White Gaussian Noise (AWGN) but also by the man-made electromagnetic interference Impulsive Noise (IN), which prevent the communication systems from working properly. A majority of the studies investigate the performance in the presence of AWGN only, such as in Ref. [9] , and only a few studies take the IN into consideration, such as in [10] and [11] . In Ref. [10] , blanking is implemented preceding the OFDM receiver in order to mitigate the IN over powerline channels, where Selective Mapping (SLM) is used as the PAPR reduction technique for optimal blanking and Bit Error Rate (BER) enhancement. In Ref. [11] , a closed-form analytical expression for the probability of IN detection error is derived and minimized at the transmitter, in order to enhance the capability of blanking, clipping or hybrid (combined blanking-clipping) techniques that precede the OFDM receiver, and to improve BER performance. In this paper, the system is investigated in the presence of IN; SLM is applied at the OFDM transmitter as a PAPR reduction technique, and clipping is applied at the relay and at the receiver to reduce the high peaks resulting from the IN, which in turn enhances the BER performance.
Conventional relaying schemes use multiple relays, each equipped with one antenna for receiving and one antenna for transmitting. Since each relay is equipped with AF and STBC, the complexity of the scheme is high.
In this paper, a low-complexity relaying scheme is proposed taking into account the presence of IN, without applying CSI, DFT and IDFT. Only one relay is used instead of multiple relays as in the conventional scheme. This reduces the complexity of the scheme, due to the application of receive combining; AF and STBC are applied only once.
The remainder of this paper is organized as follows. Section 2 describes the system model and the conventional scheme model, Section 3 illustrates the proposed scheme, and Section 4 discusses the simulation and results. Finally, Section 5 concludes this paper.
System model and conventional scheme

System model
The system model is composed of a multi-antenna relaying scheme for OFDM with Binary Phase Shift Keying (BPSK) modulation. The system consists of half-duplex OWR and TWR networks, where the information is transferred in two time phases by two terminals T 1 and T 2 , each equipped with a single antenna and placed far apart such that no direct link exists between them. The terminals communicate only through the relay R that is equipped with M antennas as shown in Fig. 1 . The OWR and TWR protocols are used in this scheme. In OWR, the terminal sends the information to the relay during the first time phase, and then the relay transmits it to the other terminal during the second time phase. On the other hand, in TWR, both terminals send their information to the relay during the first time phase, and during the second time phase, the relay transmits the sum of the received information to both terminals. The information is transferred to a multi-antenna AF relay, in which the signal is amplified and forwarded from the relay to the terminal through a Rayleigh fading channel in the presence of IN.
Conventional scheme
The conventional distributed relaying scheme is shown in Fig. 2 . It is composed of multiple relays, each equipped with one antenna for receiving and one antenna for transmitting [12, 13] . At each relay, AF and STBC processing are performed for power scaling and transmission diversity, respectively. Notably, the conventional scheme is not capable of compensating the fading in the first phase, as it cannot provide diversity in reception. The complexity of this system is considered to be high as the AF and STBC processes are performed at each relay, and thereby the complexity increases as the number of relays increases.
Proposed low-complexity scheme
To overcome the complexity problem of the conventional distributed relaying scheme, we propose a scheme that reduces the complexity and enhances the BER performance of the system by employing spatial diversity. The block diagram of the proposed OWR scheme is shown in Fig. 3 . It consists of a multi-antenna relay instead of multiple singleantenna relays as in the conventional system. The SLM technique is used in the transmitter to reduce the PAPR of the OFDM transmitted signal. Then, a clipping technique is applied at the multi-antenna relay to clip the impulses caused by the IN. Maximal-Ratio Combining (MRC) or Power-based Selection Combining (PSC) is used to combine the clipped signals received from all the antennas. This step enhances the BER performance of the proposed scheme. The next step is to amplify the combined signal and then transmit it after performing STBC to achieve diversity transmission. At the receiver side, a clipper is used again to reduce the impulses of the IN, which have been added to the signal by the channel.
In the case of a two-way relaying scheme, the two terminals T 1 and T 2 of the OFDM transmitter are followed by SLM modules to reduce the PAPR. The relay transfers the sum of the received signals after the amplification to both terminals. T 1 knows its information, and it subtracts this information from the received signal to obtain the information sent by T 2 . T 2 performs the same process to get the information sent by T 1 .
The analysis of the system is presented below. At the transmitter, the q-th OFDM symbol in the time-domain can be described by
where i ¼ 1,2 are the antennas of the first terminal T 1 and the second terminal T 2 , respectively, x i;q is the q-th OFDM symbol sent by T i , q ¼ 1, 2, …,Q, is the number of OFDM symbols required for relay processing, N is the number of sub-carriers,
T is the frequency-domain modulation symbol vector, X i;q [k] denotes the modulation symbol at the k-th sub-carrier knowing that Ef Xi;q½kj 2 g ¼ 1, and F is the unitary DFT matrix with the (n,k)-th element given by
(2)
SLM technique at TX
Before transmitting the signal to the relay, SLM is applied at the transmitter to select the signal with the minimum PAPR. The SLM technique is based on producing N slm -set of appropriate OFDM symbols x i;q , 0 n N À 1, each of length Q. These symbols represent the data of the original OFDM symbol x. The one with the lowest PAPR is chosen to be transmitted. The transmitted OFDM symbol can be described as
The channel and the addition of IN
The signal obtained after applying the SLM technique is transmitted with a transmitting power P Ti by the terminal through the channel. The Channel Impulse Response (CIR) that connects the terminals T i and relay at the m-th antenna is represented in the discrete time as
where h i;m ½l denotes the complex fading gain of the l-th path, and L i is the number of resolvable multi-paths. h i;m ½l is assumed to be distributed as a complex Gaussian C‫(א‬ μ; σ 2 ), with zero mean vector μ and variance σ 2 .
The Channel Frequency Response (CFR) vector at the k-th sub-carrier is given by
where F L is a matrix formed by the first L columns of the DFT matrix F, which has a dimension of N Â L.
During the transmission between the terminals and the relay, the Class-A impulsive noise is introduced and added to the transmitted signal. The Probability Density Function (PDF) of the Class-A noise sample [n k ] is given by
where ‫א‬ðx k ; μ; σ 2 m Þ represents a Gaussian PDF with mean μ and variance σ 2 m . The Poisson distribution P m is given by
where A is the impulse density of the determined width in a monitored period. The parameter A ¼ ητ=T 0 , where η is the average number of impulses per second, τ is the average duration of each impulse (all impulses are supposed to have the same duration), and T 0 ¼ 1 is the unit time. The density is recognized as "impulsive index" , which is denoted by A. From the definition of the impulsive index A 1, if ητ > T 0 , the impulsive index A will not be larger than 1 no matter how large ητ is, in the monitored period T 0 . The noise becomes more impulsive when A has smaller values, while the statistical characteristics of the Class-A IN approaches the Gaussian noise when A has larger values.
Received signal at the relay
The received signal at the relay is represented as
wherex i;q is the SLM output signal, ⊛ is the circular convolution, and v m;q is the IN vector.
Clipping technique at the relay
After applying the SLM technique, the PAPR of the OFDM signal is reduced. Through the channel, the impulsive noise is added to the signal, resulting in high peaks (impulses) in the received signal. A clipper is installed at the destination to clip these high peaks (impulses); these peaks are most probably caused by the noise as the PAPR of the signal is reduced. The clipper limits the signal envelope to a certain Clipping Level (CL) if the signal surpasses it. If the signal does not exceed this level, the signal will pass through the clipper without any modification. This is defined by where CL is the clipping level and is given by
Here, CR is the clipping ratio and σ is the standard deviation of the signal.
Clipping causes in-band and out-of-band distortions due to its nonlinearity, and these distortions cause spectral spreading and reduce the BER performance, respectively. Filtering the clipped signal can remove the first effect but not the second one. When CR has smaller values, the PAPR reduction is increased and the BER becomes worse. On the other hand, when CR has higher values, the PAPR is reduced but not as much as that of the smaller values of CR, and the BER can be maintained without making it worse. As can be seen from Fig. 4 , this is because, when CR has small values, CL will have small values and will cut more from the peaks of the signal.
Receive combining at the relay
The clipped signals at the relay are combined to be processed by the relay functions. PSC or MRC is used as the reception combining technique to obtain reception diversity. PSC selects the signal that has the highest power. The output signal of PSC is represented as
where
where the received signal power can be denoted as r m;q 2 % NP Ti h i;m 2 þ Nσ 2
Thus, the main concept of PSC involves choosing the antenna that has the maximum signal power. More enhancements are achieved when MRC is used, as it combines all the received signals from all the antennas. The other technique used as a diversity combining technique in this scheme is the MRC, where the signals from each channel are added together. It is worth noting that MRC is the optimum combiner for independent channels, as it has the ability to retrieve a signal in its original shape.
Power scaling AF
The AF receives the combined signal and transmits its amplified version. The output of the AF is given by
where β q is the amplification factor and is given by
Transmit diversity
The signals transmitted by the relay are structured with fz q g Q q¼1 to be suitable for traditional STBC. The STBC scheme is used for two relays; the signals resulting from the power scaling are mapped onto the transmitted signals in a matrix form with M ¼ Q ¼ 2 as
where ζð:Þ is the time-reversal function that maps input a ¼ ½a½0a½1…a½N À 1 T to output b ¼ ½b½0b½1…b½N À 1 T . At the destination terminal, the STBC represented in the previous equation substantially converts the modulation symbols in the frequency domain X i;1 ½k and X i;2 ½k to the Alamouti's orthogonal STBC form. For M > 2, the STBC scheme, which is integrated with antenna switching, is used; this scheme has the ability to achieve diversity without incurring a rate loss or increase in complexity at the relay and terminals. In the STBC structure, the OFDM symbols are transmitted by two chosen antennas while no other antennas transmit. The antennas have to be chosen equally to achieve a uniform diversity among all antennas. Therefore, if M is even, then Q ¼ M OFDM symbols processing is needed, and if M is odd, then the Q ¼ 2M OFDM symbols processing is needed. The transmission signals of M ¼ 3 antennas over Q OFDM symbols are given by 
where '0' is the zero vector with length N, and ffiffiffiffiffiffiffiffiffi ffi M=2 p is the scaling factor required to make the transmitting power P R after the normalization by ffiffiffiffi ffi M p .
At the receiver
In the second phase, the relay transfers the signal to the terminal by using its M antennas at power P R . The relay transmits the signal (without the need for implementing DFT and IDFT in the time domain) in the form of
In TWR, the received signal at T 1 in the second phase can be directly derived from the symmetry. Thus, only the received signal at T 2 in the second phase will be represented as follows.
where w 2;q is the impulsive complex noise vector, and the relay transmission signal s m;q is normalized to have a unit power, Ef sm;q½nj 2 g ¼ 1.
If DFT is applied to Eq. 21, the symbol vector received at T 2 is given as y 2;q ¼ Fy 2;q in the frequency domain. At T 2 , the symbol received at the kth sub-carrier is described as
where S m;q ½k represents the k-th element of S m;q ¼ Fs m;q , W 2;q ½k represents the k-th element of W 2;q ¼ Fw m;q , and H i;m ½k is the frequency response of the channel. At the end, T 2 in the OWR protocol restores the information sent by T 1 with Y 2;q , while the information is recovered in the TWR protocol after the cancellation of Y 2;q self-interference with
Simulations and results
The conventional and proposed schemes are simulated using Matlab software and the BER performance is evaluated. The values of the pa- rameters used in the simulation of both schemes are shown in Table 1 . In this paper, the value of the overlap index of IN A is fixed just to be able to show the effect of the techniques applied under the same circumstances; however, it can take any value, that is A 1.
A comparison of the performance of the proposed scheme with the conventional one is illustrated in Figs. 5 and 6 for impulsive index A ¼ 0:01 and clipping ratio CR ¼ 1:2. Fig. 5 shows the plot for OWR, and Fig. 6 shows the plot for TWR. The effect of the number of the relay antennas M on the performance of the proposed scheme is studied for M ¼ 2; 4; 6. In addition, the effect of the number of relays on the performance of the conventional scheme is also considered for M ¼ 2; 4; 6. These figures show that the proposed scheme outperforms the conventional scheme for a given M. This is because, the relay in the proposed scheme is equipped with MRC, which combines the signals received from the M antennas, and is also equipped with STBC, which provides transmission diversity. Moreover, in the proposed scheme, SLM and clipping are applied to reduce the PAPR and clip the high peaks resulting from the noise, which in turn enhances the BER performance. These figures also show that as M increases, the performance is enhanced for both the proposed and conventional schemes, as more number of signals are received, which reduces the error that can occur in the received signal. Fig. 7 and Fig. 8 show the performances of the OWR and the proposed TWR systems , respectively, in the presence of IN with A ¼ 0:01, M ¼ 4, CR ¼ 1:2, and MRC as a reception combining technique. The figures show that the performance of the system without SLM and clipping is the worst, and that the BER performance is enhanced and the PAPR is reduced when SLM or clipping is applied. The best performance in terms of the BER is obtained when the SLM technique is applied along with the clipping technique, due to the reduction in PAPR obtained by these techniques. The SLM selects the signal with the lowest PAPR to be transmitted, while clipping cuts the impulses resulting from the addition of IN. Thus, the performance is improved, as most of the peaks are removed from the received signal.
The effect of CR on the BER performance of the proposed scheme is illustrated in Fig. 9 for OWR and Fig. 10 for TWR, when using MRC and PSC. These figures are plotted for M ¼ 4 and A ¼ 0:01. These figures show that as CR increases, the performance improves for all cases. This is because, decreasing the CR value causes more clipping in the received signal, which results in a decrease in the BER performance. The figures also show that the performance using MRC is better than that of PSC, as in MRC, all the received signals are combined together while PSC selects only the signal with the highest power. Fig. 11 compares the performances of the proposed OWR and TWR schemes with MRC, PSC, M ¼ 4, CR ¼ 1:2, and A ¼ 0:01. The figure clearly shows that the performance of the proposed OWR scheme is better than that of the TWR scheme. This is due to the error propagation in TWR. In TWR, the signals from both the terminals are transmitted simultaneously and added together at the relay. The errors that occur in both channels are also added at the relay, and an error occurs when the added signals are transmitted to both terminals from the relay.
Conclusion
A reduced complexity multi-antenna relaying scheme has been proposed for OFDM in the presence of Class-A IN. The proposed scheme uses one relay instead of multiple relays as in the conventional system. The processing at the relay includes MRC or PSC for reception combining, AF for power scaling, and STBC for transmission diversity. In addition to the fact that the proposed scheme has a reduced complexity due to the utilization of one relay instead of multiple relays as in the conventional scheme, it has also better BER performance due to its inherent diversity. Moreover, no synchronization is needed as in the conventional scheme, as only one relay is used. The performance of the OWR protocol is better than that of the TWR protocol, because in TWR, the errors are accumulated. This accumulation is due to the addition of the received signals at the relay from both terminals, in addition to the errors that occur in the channels. Other errors occur when the signals are transferred from the relay to the opposite terminals. In addition, as the number of antennas at the relay increases in the case of the proposed scheme, the BER performance of the proposed scheme improves in both MRC and PSC. This enhancement is because of receiving more number of signals, and hence less error from the received signal. On the other hand, increasing the number of relays in the case of the conventional scheme to obtain the same enhancement in the BER will increase the complexity of the system, as clipping, MRC or PSC, AF, and STBC will be applied at each relay instead of being applied only once. The BER performance of the proposed scheme when using MRC is better than that when using PSC. This is because, in the case of MRC, all the signals are combined after clipping the high peaks resulting from the noise addition. In the case of PSC, only the signal with the highest power is selected after clipping the high peaks resulting from the noise addition. Finally, applying SLM and clipping techniques further enhance the BER performance of the proposed scheme, as the SLM technique reduces the PAPR and the clipping techniques clip the high peaks resulting from the noise addition. When CR increases, the BER performance becomes better. This is because, when CR has smaller values, it will result in more cutting from the signal, which will decrease the BER performance.
